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ABSTRACT 

The logarithm of the activity quotient was found to be proportional to 

the logarithm of the elapsed time for many types of homogeneous chemical 

reactions that occur in isothermal closed systems. The reactions investi- 

gated include gas-phase and liquid-phase reactions in both aqueous and 

nonaqueous solvents. The kinetic data used in this evaluation were solic- 

ited from investigators whose results had been reported in the literature. 

INTRODUCTION 

An investigation was undertaken to determine whether thermodynamic 

quantities associated with a chemical reaction in an isothermal closed sys- 

tem change in a describable manner as the reaction proceeds. Because no 

theoretical study concerning the time dependence of thermodynamic quantities 

associated with a chemical reaction in an isothermal closed system was 

found in the literature, this investigation has been strictly empirical, 

and is essentially a study of the time dependence of the activity quotient 

for a variety of reactions. 

NATURE OF THE APPROACH 

Consider an isothermal closed system in which the following chemical 

reaction occurs: 



- 2 -  

c 

a A + b B + .  . . + m M + c C + d D + .  . . + n N .  (1) 

The a c t i v i t y  quotient Q i s  t h e  only var iab le  of t he  system and i s  defined 

by t h e  following convention: 

The q u a n t i t i e s  i n  brackets are t h e  act ivi t ies  of t h e  products and t h e  reac- 

t a n t s ,  and t h e  exponents a r e  the  stoichiometric c o e f f i c i e n t s  of reac t ion  (1). 

The free-energy d i f f e rence  LE between t h e  products and t h e  r eac t an t s  

of r eac t ion  (1) i s  related t o  t h e  a c t i v i t y  quot ien t  by t h e  following ex- 

pression: 

& = LEo + RT h ( Q )  ( 3 )  

where AGO 

t a n t s  are i n  t h e i r  standard states, R i s  t h e  gas constant,  and T i s  t h e  

absolu te  temperature. According t o  thermodynamics, t h e  free-energy func t ion  

&G must be negative f o r  r eac t ion  (1) t o  proceed spontaneously i n  t h e  direc- 

t i o n  indicated.  If it i s  assumed t h a t  the r eac t ion  does proceed as i l l u s -  

t r a t e d ,  then the  value of t h e  a c t i v i t y  quotient,  as defined, will increase,  

and, from equation ( 3 ) ,  t h e  free-energy function will a l s o  increase.  P a r t i a l  

d i f f e r e n t i a t i o n  of equation (3) with respect t o  t i m e  r e s u l t s  i n  a r e l a t ion -  

i s  t h e  free-energy d i f fe rence  when a l l  t he  products and reac- 

s h i p  between t h e  r a t e  of 

t h e  a c t i v i t y  quot ien t :  

increase  of the free-energy func t ion  and t h a t  of 
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Thus, t he  study of t he  a c t i v i t y  quotient Q as a funct ion of time i s  

equivalent t o  a study of t h e  free-energy funct ion 

time. 

LS as a function of 

The ac tua l  k ine t i c  da ta  with which t h i s  study was car r ied  out were 

s o l i c i t e d  from inves t iga tors  whose r e su l t s  had been reported i n  the  l i tera- 

t u r e  and were r e s t r i c t e d  t o  processes t h a t  occurred i n  isothermal closed 

systems. 

a t  low pressures o r  i n  d i l u t e  solutions.  

The react ions were fu r the r  r e s t r i c t e d  t o  those t h a t  took place 

Thus, t he  p a r t i a l  pressures or 

concentrations of react ing species  approximated t h e i r  a c t i v i t i e s ,  and the  

a c t i v i t y  quot ient  a t  various time in t e rva l s  could thereby be calculated from 

t h e  k ine t i c  data.  

COMPUTED CORREXATCON 

The r a t e  of change of t h e  logarithm of the  a c t i v i t y  quot ient  appears 

t o  be inversely proport ional  t o  t h e  elapsed t i m e  f o r  a majority of the  

reac t ions  invest igated:  

Relationship (5) ind ica tes  t h a t  the logarithm of t h e  a c t i v i t y  quot ient  

i s  proport ional  t o  t h e  logarithm of the elapsed t i m e .  

With t h e  a id  of an IBM 7094 da ta  processing machine, t he  k ine t ic  da ta  

were s t a t i s t i c a l l y  analyzed t o  determine t o  what extent  t h e  logarithm of 

t h e  a c t i v i t y  quot ient  l i n e a r l y  correlated with the  logarltlriii of t'ne elapsed 

t i m e .  The th ree  sigma r e l i a b i l i t y  l i m i t s  of t he  determination coef f ic ien t  

were computed f o r  each react ion.  For more than two-thirds of t h e  93 reac- 

t i o n s  inves t iga ted ,  t h e  lower r e l i a b i l i t y  l i m i t  exceeded 95 percent, which 
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i nd ica t e s  a good co r re l a t ion  of t h e  experimental data.  Almost one-half of 

t h e  reac t ions  inves t iga ted  have a lower r e l i a b i l i t y  l i m i t  g r ea t e r  than 

99 percent,  which ind ica t e s  an excel lent  cor re la t ion .  

The 93 reac t ions  inves t iga ted  were distributed among those reported 

t o  be zero, f irst ,  second, t h i r d ,  and f r a c t i o n a l  orders ,  as i s  i l l u s t r a t e d  

by t a b l e  1. More than two-thirds of t he  first- and second-order reac t ions  

showed a good co r re l a t ion  according t o  r e l a t ionsh ip  (5). 

reac t ions  of t h e  zero, t h i r d ,  and f r a c t i o n a l  orders  w a s  t oo  s m a l l  t o  

determine t h e  co r re l a t ion  according t o  r e l a t ionsh ip  (5).  

The number of 

The reac t ions  t h a t  showed a good co r re l a t ion  i n  table 1 were found t o  

be those i n  which t h e  ove ra l l  reac t ion  w a s  homogeneous and could be repre- 

sented by a s i n g l e  chemical equation, those i n  which all t h e  products 

appeared and r eac t an t s  disappeared according t o  t h e  stoichiometry of t h e  

o v e r a l l  equation, those i n  which catalyzing e f f e c t s ,  such as sur face  area or 

i l luminat ion,  were not a l t e r e d  during the  react ion,  and those  i n  which con?- 

p e t i t i v e  reac t ions  were absent.  

GRAPHICAL CORRELATION 

For t h e  purpose of graphical  evaluation of t h e  empir ical  data ,  t h e  terms 

of  r e l a t ionsh ip  (5) can be equated by the in t roduct ion  of a constant of 

propor t iona l i ty  G,: 

I n t eg ra t ing  y i e l d s  

Gr l n ( Q )  = E l n ( t )  + C , * ( 7 )  
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where C is the constant of integrat ion.  If a quant i ty  tl is defined 

as t h e  time a t  which t h e  a c t i v i t y  quotient is  uni ty ,  equation (7 )  my be 

expressed thus  : 

The computed values of G r  and tl are l i s ted  i n  t a b l e  2 f o r  a group 

of t h e  reac t ions  invest igated.  

Figures 1 t o  11 i l l u s t r a t e  graphica l ly  t h e  high degree of c o ~ ~ e l a -  

t i o n  between t h e  a c t i v i t y  quotient and the elapsed time according t o  

equation ( 7 )  f o r  some of t h e  react ions l i s ted  i n  table 2. Figures 1 

t o  4 illustrate gas-phase reac t ions ,  w h i l e  figures 5 t o  ll illustrate 

liquid-phase reac t ions .  The first three liquid-phase reac t ions  occur 

i n  aqueous so lu t ions ,  t h e  l a s t  four  in  nonaqueous ones. 

Figures  1 and 2 i l l u s t r a t e  the thermal decomposition of four  organic 

The cor re l a t ion  between the a c t i v i t y  quotient and the  elapsed compounds. 

t i m e  is qu i t e  good f o r  these react ions.  

does show some deviat ion from l i n e a r i t y .  

were found with other  organic decomposition r eac t ions  i n  which small 

amounts of hydrogen, carbon oxides, or simple hydrocarbons were found 

w i t h  the primary products.  

and the  r eac t an t  w e r e  determined f r o m t h e  o v e r a l l  pressure increase i n  

t h e  system, t h e  presence of these  secondary products would i n t r d x e  

e r r o r s .  

The decomposition of acetal&hy& 

Similar deviations from l i n e a r i t y  

Since the p a r t i a l  pressures  of t h e  products 
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The decomposition of hydrogen peroxide vapor, shown in figure 3, 

shows a high degree of correlation at the five temperatures of observa- 

tion. 

The correlation in figure 4 is not as good as that shown by the other 

gas-phase reactions, but it is comparable with the half-order kinetics 

5 used by the experimental investigator . The reaction is heterogeneous. 

It was reported that the reaction might have been initially inhibited, 

which may explain the low value for the first data point. 

Figure 5 illustrates an electron-transfer reaction in perchloric-acid 

solution. The correlation was qdte good at the five temperatures at which 

this second-order reaction was observed. Other electron-transfer reactions 

in perchloric acid solutions also show good correlations. 

Figure 6 illustrates an ionic reaction in aqueous solution at four 

temperatures. As in the case of the electron-transfer reactions, the correla- 

tion is quite good. 

The reaction between ferricyanide and 2-mercaptoethanol in aqueous 

solution does not show as good a correlation as do the other reactions in 

aqueous solution, but the data points are somewhat erratic, as shown in 

figure 7. 

The correlation between the activity quotient and the elapsed time is 

generally quite good for reactions in nonaqueous solutions. The reaction 

cf els-2-butene episulphide with triphenylphospine in three organic solvents 

shows a very high degree of correlation, as illustrated in figure 8. The 

reactions illustrated in figures 9 and 10 occur in dioxane and ethanol, 

respectively, and also show good correlations. 
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Figure 11 shows t h e  reac t ion  of s tyrene  with iod ine  i n  carbon tetra- 

chloride,  and shows a considerable deviation from l i n e a r i t y .  The inves t iga-  

t o r  reported t h a t  t h e  i n i t i a l  k ine t i c s  i s  three-halves order i n  styrene 

and f i rs t  order i n  iodine13. 

CONCLUSION 

This inves t iga t ion  shows t h a t ,  fo r  many types of homogeneous r eac t ions  

i n  which the  ove ra l l  chemical reac t ion  can be spec i f ied ,  t h e  a c t i v i t y  

quot ien t  va r i e s  with time i n  a describable manner. Because t h e  free-energy 

func t ion  i s  c lose ly  r e l a t e d  t o  the  a c t i v i t y  quot ien t ,  t h e  time dependence 

of t h i s  function can be found f o r  reac t ions  whose k i n e t i c  behavior i s  

adequately described by r e l a t ionkh ip  ( 5 ) .  Eliminating l n (  Q) be*ween 

equation (3)  and (8) y i e l d s  

This equation would not be va l id ,  of course, f o r  p o s i t i v e  values of AG. 

A major l i m i t a t i o n  of a k i n e t i c  equation involving t h e  a c t i v i t y  

quot ien t  i s  t h e  f a c t  t h a t  it can only be applied t o  chemical reac t ions  i n  

which t h e  nature of t h e  ove ra l l  reaction i s  known and i n  which a l l  t h e  

products increase  and r eac t an t s  decrease i n  t h e  s to ich iometr ic  proportions 

spec i f i ed  by t h e  ove ra l l  equation. Deviations from t h i s  requirement a r e  

common, being caused usua l ly  by t h e  formation of secondary products. 

Fu r the r  i nves t iga t ion  of the  l i t e r a t u r e  data l a  "veiiig ma6e io determine 

more conclusively the  a p p l i c a b i l i t y  of t h e  empirical approach presented i n  

t h i s  paper. 
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Good (>95$7) 

Poor (<95$7) 

I w 0 1  2 3 Frac t iona l  

1 26 31 8 0 66 

1 8 1 2  3 3 27 

TABLE 1. - THE DISTKtBUTION OF THE NINETY-THFEE 

REACTIONS INVESTIGATED AMONG THE VARIOUS ORDERS 

I Correlat ion I Order 1 Total  I 
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Figure 1. - Decomposition of di- t -butyl  peroxide 0 ( t ab le  2 ,  
react ion 1) and dimethyl ether 0 ( t ab le  2, react ion 2 ) .  
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Figure 2. - Decomposition of acetaldehyde 0 ( t a b l e  2, re -  
ac t ion  3) and azo-isopropane 0 ( t a b l e  2, reac t ion  4 ) .  
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Figure  3. - Decomposition of hydrogen peroxide  vapor wi th  83.3 mole per-  
cent  helium ( t a b l e  2, r e a c t i o n  15). 0 741.7' K, 0 731.6' K, 
0 721.6' K, A 712.8' K, D 704.7' K. 
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Figure 4. - Decomposition of s i lver  oxide (table 2, re-  
action 5 ) .  



a3 m 
d 
N 

4 

3 

2 

I 

n 
0 
U 

0 c 
-I 

- I  

-2 

-3 

-4 I I I 
3 4 5 6 7 

Figure 5. - Reduction of pU(IV) by Fe ( I1 )  i n  0.5M pe rch lo r i c  
a c i d  s o l u t i o n  ( t a b l e  2, r eac t ion  6 ) .  0 293.4' K, 

R 288.6O K, 0 ~ 8 3 . 4 ~  K, a 279.4O K, n 275.7O K. 
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Figure 7.  - Reaction between potassium fe r r i cyan ide  and 2-mercapto- 
e thanol  i n  aqueous so lu t ion  ( t a b l e  2, r eac t ion  9 ) .  I n i t i a l  concen- 
t r a t i o n s  - 0 f e r r i cyan ide  0.00110M, 2-mercapto-ethanol 0.0189M; 

f e r r i cyan ide  O.O0119M, 2-mercapto-ethanol 0.0206M. 
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